In order to support political and economical decision makers by providing climate information for the future, it is essential to analyze regional climate model results. These models are capable to describe the regional climate conditions of individual countries using 25 km horizontal resolution, whereas global climate models are too coarse for such details. This paper discusses the regional eff ects of global warming using regional climate model experiments from the PRECIS model developed at the Hadley Centre of the UK Met Offi ce. Since PRECIS was adapted at the Department of Meteorology, Eötvös Loránd University in the recent years, important regional/local conditions could be taken into account during the modelling process. In the experiments of PRECIS, three diff erent emission scenarios (A2, A1B, B2) are considered to provide estimations for the 21 st century. Our conclusions highlight the signifi cant warming tendency in Hungary, especially in summer. The frequency of cold temperature extremes is projected to decrease signifi cantly while warm extremes tend to occur more oft en in the future. Furthermore, signifi cant drying is projected in the region, especially, in summer. In winter the precipitation is likely to increase.
Introduction
The Intergovernmental Panel on Climate Change (IPCC) started to publish the Fift h Assessment Report (AR5) with the physical science basis (IPCC, 2013) . That contribution of IPCC Working Group I clearly states (i.e. as virtually certain with 99-100% probability) that global warming is detected in the last 110 years on the basis of regular meteorological observations worldwide. The anthropogenic eff ect is quite evident due to the increased emissions of greenhouse gases, and consequently, their increased atmospheric concentrations compared to the preindustrial values. The concentration of carbon dioxide was 41% larger in 2012 than a few centuries ago since the global mean levels were 393 ppm and 278 ppm in 2012 and in 1750, respectively (WMO, 2013) . The major anthropogenic contributions include the intense fossil fuel use to feed the growing energy demands of the Earth's population. The increases of other greenhouse gas concentrations were also substantial, especially in case of methane with an atmospheric level of about 160% higher in 2012 than in the 1700s.
Overall, between 1901 and 2012 the global mean annual temperature increased by 0.89 °C (IPCC, 2013) . In Hungary the regional mean annual temperature has increased by about 1 °C since the beginning of the 20 th century (Lakatos, M. and Bihari, Z. 2013) . The detected changes mentioned above raise the questions how and what we can project for the future decades of this century. For those purposes, models are needed.
The detected climate changes and the human infl uence are assessed in climate model simulations. Global climate models (GCMs) contain complex mathematical formulae based on well-known physical laws (i.e. thermodynamics, motion, continuity equations) and they are able to reproduce the past climatic conditions. In order to estimate the likely or possible future conditions, they can be also used. The spatial resolution of a GCM is typically 1-3°, which limits the accuracy of fi ne scale details in smaller regions (e.g. the Carpathian Basin). For instance, the eff ect of complex topography cannot be refl ected using that coarse resolution.
GCMs serve as driving fi ne resolution regional climate models (RCMs). The RCMs are limited area models embedded in GCMs (Giorgi, F. 1990 ). Their physical bases are similar to GCMs'; parametrizations typically consider 10-50 km spatial scales. In Hungary four diff erent RCMs have been adapted for our region. One of the models is the PRECIS model (Bartholy, J. et al. 2009b) which is briefl y introduced in the next section. Then, the climate change results for Hungary by the middle and the end of the 21 st century are discussed. Since the oft en-used emission scenarios do not diff er remarkably in the next few decades in terms of greenhouse gas emissions and global warming rates, in this paper only one of them is evaluated in case of the mid-century projections, whereas three diff erent emission scenarios are analyzed for the later period of the century.
Regional climate modelling using PRECIS
The installation and the adaptation of the regional climate model PRECIS at the Department of Meteorology, Eötvös Loránd University started in 2004. The PRECIS is a high resolution limited area model with both atmospheric and land surface modules (Wilson, S. et al. 2010) . The model was developed at the Hadley Climate Centre of the UK Met Offi ce, and it can be used over any part of the globe (e.g. Hudson, D.A. and Jones, R.G. 2002; Rupa Kumar, K. et al. 2006; Taylor, M.A. et al. 2007; Akhtar, M. et al. 2008) . The PRECIS regional climate model is based on the atmospheric component of HadCM3 (Gordon, C. et al. 2000) with substantial modifi cations to the model physics (Jones, R.G. et al. 2004) . The atmospheric component of PRECIS is a hydrostatic version of the full primitive equations and it applies a regular latitude-longitude grid in the horizontal and a hybrid vertical coordinate. The horizontal resolution can be set to 0.44°×0.44° or 0.22°×0.22°, which gives a resolution of ~50 km or ~25 km, respectively, at the equator of the rotated grid (Jones, R.G. et al., 2004) . In our studies we used the fi ner horizontal resolution for modeling the Central European climate (Pongrácz, R. et al. 2010) .
Hence the target region contains 123×96 grid points with special emphasis on the Carpathian Basin and its Mediterranean vicinity containing 105×49 grid points. There are 19 vertical levels in the model, the lowest at ~50 m and the highest at 0.5 hPa (Cullen, M.J.P. 1993 ) with terrain-following sigma coordinates (which is a ratio between the pressure at the coordinate level and the surface pressure) used for the bott om four levels, pressure coordinates for the top three levels and a combination in between (Simmons, A.J. and Burridge, D.M. 1981) . The model equations are solved in spherical polar coordinates and the latitude-longitude grid is rotated so that the equator lies inside the region of interest in order to obtain quasi-uniform grid box area throughout the region. An Arakawa B grid (Arakawa, A. and Lamb, V.R. 1977 ) is used for horizontal discretization to improve the accuracy of the split-explicit fi nite diff erence scheme. Due to its fi ne resolution, the model requires a time step of 5 minutes to maintain numerical stability (Jones, R.G. et al. 2004 ). In the post processing of the RCM outputs, daily mean values are used.
The necessary initial and lateral boundary conditions for PRECIS runs are provided by the HadCM3 ocean-atmosphere coupled GCM (Gordon, C. et al. 2000; Rowell, D.P. 2005 ) using ~150 km as a horizontal resolution. The reference period used in our studies is set to . For the future (2071-2100), three experiments were completed (Bartholy, J. et al. 2009a; Pieczka I. et al. 2009 Pieczka I. et al. , 2011 , namely, the A2, A1B, and B2 global emission scenarios (Nakicenovic, N. and Swart, R. 2000) . The estimated global mean CO 2 concentration level for the end of the century is 856 ppm, 717 ppm, and 621 ppm, respectively. Thus, A2 can be considered the most pessimistic, and B2 the most optimistic among the scenarios. Our fi ndings for the projected change of temperature and precipitation (compared to ) are discussed in the next section.
Results
RCM simulations provide time series of more than 100 meteorological variables for each grid cell. In this paper we focus on the two most important variables describing climatic conditions, namely, temperature and precipitation. We discuss the projected changes of both the mean and the extreme values.
In the past ) the annual mean temperature values for Hungary were between 8 °C and 11 °C, however, most of the area could be characterized by 10-11 °C. Due to the annual temperature cycle, seasonal mean temperature values in spring and autumn did not diff er signifi cantly from the annual means. In winter the seasonal mean temperature was between -2 °C and +1 °C, the area of the country could be divided into two large regions: in the southwestern part the values were above the freezing point, whereas in the northeastern part they were below 0 °C. In summer the seasonal mean temperature was between 17 °C and 21 °C, however, the majority of the country area experienced a summer mean temperature above 19 °C.
The projected seasonal temperature increases averaged for the entire country are summarized in Table 1 . The projected summer warming is the largest among the four seasons. Evidently the warming signal is the largest in the case of A2 scenario, while B2 and A1B scenarios indicate somewhat less future warming, which can be explained by the estimated lower CO 2 concentration compared to A2. The projected annual mean temperature increase for Hungary is about 2.6 °C by the middle of the century, and 4.0-5.4 °C by the end of the century. Table 2 summarizes the projected seasonal mean precipitation changes. The largest changes are estimated for summer, for which the drying trends are signifi cant at 0.05 level by the end of the 21 st century in the entire country in case of all the three scenarios.
The projected change in the annual distribution of the simulated monthly mean precipitation is shown in Figure 1 .
In the present climate , the wett est months in Hungary are in late spring, early summer (May, June) when the monthly mean precipitation sum exceeds 60 mm. The driest months are January and February with about 30 mm total precipitation on the average. The PRECIS simulations suggest that the annual distribution of monthly precipitation is very likely to be restructured in the future. The driest months will no longer occur during winter, but in July and August (with about 20-30 mm precipitation on aver- age by 2071-2100) according to current projections. A2 simulation suggests an average value less than 20 mm which is signifi cantly lower than the present value and the value of the two other scenarios. The wett est month of the A2 scenario run is projected to be April with about 65-70 mm precipitation on the average, while in the case of the B2 and A1B simulations the wett est months are April, May and June with about 60 mm (B2) or even more than 60 mm (A1B) total mean precipitation on average.
The projected precipitation tendencies and the inter-annual variability for the summer and winter seasons in the case of A1B scenario are illustrated in Figure 2 . The negative trend in summer and the positive trend in winter are both evident. Moreover, the variability of winter precipitation is likely to increase in the 21 st century. For end-users it is also important to have information on the projected climate change. Projected seasonal mean temperature and precipitation changes for Hungary are combined in Figure 3 . By the end of the century the summers are likely to be warmer and drier, whereas the winters milder and wett er. In spring and autumn warming trends are projected, but the simulated changes in precipitation are small (less than 20%) and not signifi cant at 0.05 level. In order to develop appropriate adaptation strategies besides the mean changes, it is especially important to provide estimation of extremes. First, the daily minimum and maximum temperatures are analyzed here. In the reference period , the annual average of daily minimum temperature values in Hungary were 3-7 °C (based on the gridded E-OBS data, Haylock, M.R. et al. 2008 ) and in the central region of the country it exceeded 6 °C. The annual average of the daily maximum temperature values were 13-16 °C and in the southeastern part of the country it exceeded 15 °C. In the warmest part of the year, in summer, the averages of the daily minimum and maximum temperatures were 12-15 °C and 24-27 °C, respectively.
In winter, the averages of the daily minimum temperature were mainly between -4 °C and -2 °C with the exception of the northeastern regions of the country with average daily minimum temperatures between -6 °C és -4 °C. The winter averages of the daily maximum temperature were 1-4 °C. The extreme daily values above are projected to increase similarly to the daily mean temperature values. Table 3 summarizes the projected warming concerning the daily minimum and maximum temperatures (upper and lower part of Table 1 , respectively). The largest projected changes and the largest uncertainty due to diff erent scenarios are both in summer.
Aft er analyzing the daily extreme values, several extreme temperature indices were calculated since they provide useful information on extreme climatic conditions. Table 4 summarizes the defi nitions and the observed average values (based on the gridded E-OBS data, Haylock, M.R. et al. 2008 ) of the following temperature indices for Hungary: the number of frost days, summer days, hot days, extremely hot days and heat wave days. Table 4 also summarizes the projected changes averaged for the grid cells located in Hungary by the mid-and the late 21 st century compared to the reference period. Statistically signifi cant decrease of the annual number of frost days is projected which is a clear consequence of the overall warming tendency. For the same reason the average annual numbers of summer days, hot days, extremely hot days and heat wave days are projected to increase signifi cantly in the country. The projected changes by 2021-2050 are about the half of those by 2071-2100. The largest changes are projected in the A2 scenario, which estimates the highest CO 2 level by the end of the 21 st century. The detailed spatial structures of the projected changes of extreme temperature indices are shown in Figures 4-8 . The regional temperature-related climatic changes projected for the diff erent emissions scenarios are not substantially diff erent by the middle of the century. The scenario-related contributions to the total uncertainty for Europe does not exceed 25% for a few decades ahead, whereas it is about 70% for a century ahead (Hawkins, E. and Sutton, R. 2009). Therefore the projected changes are mapped for the three diff erent scenarios by the end of the 21 st century and for only A1B scenario by the middle of the century.
Larger decreases of the number of frost days are indicated by darker colors (Figure 4) . The overall structures of the simulated changes are quite similar: the annual number of frost days is projected to decrease more in the higher elevated regions than in the lowland areas.
On the maps indicating the projected changes of warm extremes, the larger increases are shown by darker colors (Figures 5-8) . The annual number of summer, hot and extremely hot days are all defi ned using daily maximum temperatures with increasing limit values (25 °C, 30 °C, and 35 °C, respectively). However, the spatial structures of the projected changes of summer days ( Figure 5 ) are more similar to those of the frost days than those of the hot (Figure 6 ) or extremely hot (Figure 7) days.
Besides the topography eff ect, zonal structures can also be recognized on the maps indicating the projected changes of the hot and extremely hot days. The projected increases are larger in the southern part of Hungary than in the northern regions. Similar structures dominate the maps indicating the projected changes of the heat wave days (Figure 8) .
Finally, the precipitation related climate indices (e.g. the number of wet days exceeding diff erent threshold values, the maximum length of dry periods, intensity) are analyzed. Table 5 contains the projected annual changes averaged for the grid cells located within the country by the mid-and the late century compared to . Projected seasonal changes in CDD, the maximum number of consecutive dry days (R day < 1 mm) in summer compared to the reference period . Only the statistically signifi cant changes are colored in the maps Fig. 10 . Projected seasonal changes in RR5, the number of precipitation days (R day > 5 mm) in summer compared to the reference period . Only the statistically signifi cant changes are colored in the maps the reference period. Projected changes of large precipitation days (exceeding 5 mm, 10 mm, 20 mm, etc.) in the 21 st century are highly uncertain, whereas the annual number of precipitation days exceeding only 1 mm (RR1) is projected to decrease. The length of dry periods, i.e. the maximum number of consecutive dry days (CDD) is likely to increase in the future. The estimated changes for Hungary by the end of the century are statistically signifi cant in summer (Figure 9 ), suggesting longer and more persistent dry spells.
Due to the overall projected summer precipitation decrease, the PRECIS-simulations point to a considerable increase of the drought risks in the country, especially in the regions near the southern and eastern borders. Figure 10 indicates the projected changes of precipitation days exceeding 5 mm (RR5) in summer. The estimated changes are not signifi cant in the other three seasons, neither in the summer by the mid-century.
However, by the end of the century the numbers of summer precipitation days exceeding 5 mm are projected to decrease in Hungary. The estimated decreases are larger in Transdanubia than in the eastern regions of the country. The largest decrease is estimated by the most pessimistic (A2) scenario.
Conclusions
Future climatic conditions of Hungary in the 21 st century were estimated and analyzed using the PRECIS regional climate model simulations considering three different emissions scenarios (A2, A1B, B2). The following conclusions can be drawn.
Temperature is projected to increase in the next decades. The projected increase of annual mean temperature by the late-century compared to the 1961-1990 reference period is 4.0-5.4 °C. The projected seasonal warming is the largest in summer.
The projected regional warming in Hungary is the largest in case of the A2 scenario, according to which the highest CO 2 concentration level is estimated.
As a consequence of the regional warming trend, more frequent warm and hot events and greater record hot conditions are projected for the future compared to the 1961-1990 reference period.
The annual distribution of monthly mean precipitation is projected to change. The wett est months in Hungary are likely to shift from May and June to April and May, whereas the driest months from January and February to July and August.
Signifi cant drying is projected for Hungary, especially, in summer. The seasonal precipitation amounts are likely to decrease and the probability of drought occurrence is estimated to increase.
These results provide important information for both decision makers and civil associations. In addition, they play a key role in developing appropriate adaptation strategies in the coming decades. 
